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In the present work, we intend to predict the production rates of the Higgs bosons in the simplest
extension of the Standard Model (SM) by a neutral complex singlet (cSMCS). This model has an
additional source of CP violation and provides strong enough first-order electroweak phase transition
to generate the baryon asymmetry of universe (BAU). The scalar spectrum of the cSMCS includes
three neutral Higgs particles with the lightest one considered to be the 125 GeV Higgs boson found at
LHC. The SM-like Higgs boson comes mostly from the SM-like SU(2) doublet, with a small correction
from the singlet. To predict the production rates of the Higgs bosons, we use a conventional effective
LO QCD framework and the unintegrated parton distribution functions (UPDF) of Kimber-Martin-
Ryskin (KMR). We first compute the SM Higgs production cross-section and compare the results to
the existing theoretical calculations from different frameworks as well as the experimental data from
the CMS and ATLAS collaborations. It is shown that our framework is capable of producing sound
predictions for these high-energy QCD events in the SM. Afterwards we present our predictions for
the Higgs boson production in the cSMCS.
I. INTRODUCTION
Throughout the years numerous theoretical and phe-
nomenological attempts have been made, trying to ex-
plore different aspects of the production of the Higgs par-
ticles at the LHC, within the Standard Model (SM), e.g.
the references [1–11]. Here, we study the production of
the Higgs bosons of the cSMCS (the extension of SM with
a neutral complex singlet) (h1, h2, h3) at the LHC, using
kt-factorization framework. As it have been shown in
[12–16], the cSMCS model contains three neutral Higgs
particles which the lightest is the h1 =125 GeV Higgs
boson found at the LHC and the other two Higgs scalars,
hi, i = 2, 3 are taken to have masses
Mh3 &Mh2 > 150 GeV.
The main contribution to the cross-section for the
Higgs bosons production at the LHC,
P1 + P2 → H +X,
gives the so-called gluon-gluon fusion sub-process, i.e.
g∗(k1) + g∗(k2)→ H(p), (1)
see the figure 1 part (a). Also, the Higgs boson produc-
tion accompanied with a single jet or double jets can be
traced back to the weak-boson fusion processes (figure 1
part (b)) and g∗ + g∗ → H + g, g∗ + q∗ → H + q and
q∗ + q¯∗ → H + g sub-processes (parts (c), (d) and (e)
of the figure 1, respectively), which are expected to give
roughly one tenth of the total Higgs production rate. It
has been shown that one can replace such complicated
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calculation by using a higher-order correction factor (i.e.
the K-factor) [1]. Also, it has been confirmed that us-
ing this K-factor will produce a good approximation of
the full next-to-leading order (NLO) calculations (i.e. by
counting the contributions of all the diagrams in the fig-
ure 1) [17]. In principle, one has to include the contri-
butions of all quark flavors in such diagrams. However,
since the SM Higgs boson coupling to the top quark is
considerably stronger compared to the other quarks, we
consider only top-quark loops in our calculations.
In the collinear factorization framework, the total
cross-section for the production of a Higgs boson can
be written as the partonic cross-section for the involving
sub-process (σˆgg→H), times the probability of appearing
that particular partonic configuration at the top of the
evolution ladder of the individual hadrons, i.e.
σP+P→H+X =
∫ 1
0
dx1
x1
∫ 1
0
dx2
x2
x1g(x1, µ
2
1) x2g(x2, µ
2
2)
× σˆgg→H(x1, k21,t = 0, µ21;x2, k22,t = 0, µ22).
(2)
The single-scaled (gluonic) parton distribution
functions (PDF), g(xi, µ
2
i ), are the solutions of the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
evolution equations [18–21]. These functions parametrize
the probability of finding a gluon, emitting from the
ith hadron and carrying the fraction xi of its longitu-
dinal momentum. parameters µi are the ultra-violet
cutoffs, related to the virtuality of the exchanged gluon
during the inelastic scattering. In the Eq.(2), ki,t
are the transverse momenta of the incoming gluons.
Neglecting the transverse momentum contributions of
the incoming partons can seriously lower the precision
of the calculations, predominantly for the event with
the high center-of-mass energy in the small-x region
[1, 22–25]. Knowing this have brought up the neces-
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FIG. 1. The main contributing sub-processes in the total cross-section for the production of the Higgs bosons at the LHC.
sity of introducing transverse momentum dependent
parton distribution functions (TMD PDF), notably the
Ciafaloni-Catani-Fiorani-Marchesini (CCFM) evolution
equation [26–30], and the Balitski-Fadin-Kuraev-Lipatov
(BFKL) evolution equation [31–35]. Other approach
based on the unintegrated parton distribution functions
(UPDF) with kt-factorization are the leading order
(LO) Kimber-Martin-Ryskin (KMR) and NLO Martin-
Ryskin-Watt (MRW) formalisms [22, 23]. Recently, it
has been shown that these UPDF, specially in the KMR
formalism, provide successful descriptions of the existing
high energy experimental data [36–40].
Several analysis have been previously published, ad-
dressing the production of the Higgs boson in the SM,
using different visualizations of the kt-dependent PDF,
e.g. see [1–3]. In the present work, we calculate the total
cross-section for production of the Higgs particles in the
cSMCS within the framework of kt-factorization, using
the UPDF of KMR. By this end, first we calculate the
total cross-section for the production of HSM particle
and compare the results with the existing SM predic-
tions from other theoretical analysis and also with the
experimental data from the CMS and the ATLAS col-
laborations [41–43]. In this part of the calculations, we
follow the procedure of reference [2], with some techni-
cal differences in kinematic boundaries, energy scale and
the choice of hard-scale (see section III). Afterward, we
present our prediction for the production of the cSMCS
Higgs particles (i.e. h1, h2 and h3). In our calculations,
we have used the benchmarks presented in the reference
[12].
The outlook of this paper is as follows: In section II, we
will briefly introduce the cSMCS as a simple extension of
the SM with a complex singlet scalar field. The potential
of the model and its physical states will be discussed
followed by presenting the benchmarks of cSMCS. In the
section III, the kt-factorization production of the Higgs
boson will be reviewed. We will present some technical
points regarding our numerical analysis in the section IV
and discuss our results in the section V. Our conclusion
will be presented in the section VI.
II. THE CSMCS: THE SM PLUS A COMPLEX
SINGLET SCALAR
The full Lagrangian of this model is given by
L = LSMgf + Lscalar + LY (ψf ,Φ), (3)
where the first term, LSMgf , describes the interaction be-
tween SM gauge boson (W±, Z)-SM fermion, Lscalar de-
scribes the scalar sector of the model with one SU(2)
doublet Φ and a neutral complex scalar (spinless) sin-
glet χ. LY (ψf ,Φ) represents the Yukawa interaction of
Φ with SM fermions. Within our model, the neutral com-
plex singlet χ does not couple to the SM fermions and
gauge bosons. The singlet-SM fermion interactions are
presented through the mixing of the singlet χ with the
doublet Φ (it is the same for the singlet interaction with
the gauge bosons). We assume Φ and χ fields to have
non-zero vacuum expectation values (vev) v and weiξ,
respectively (v, w, ξ ∈ R). The following field decompo-
sition around the vacuum state are used,
Φ =
(
φ+
1√
2
(v + φ1 + iφ4)
)
, χ =
1√
2
(weiξ + φ2 + iφ3).
(4)
Throughout this work, we use w1 = w cos ξ and w2 =
w sin ξ definitions. Masses of the gauge bosons are given
by the vev of the doublet as in the SM, e.g M2W = g
2v2/4
for the W boson.
A. Potential
The scalar potential of the model can be written as
follows [12–15]
V = VD + VS + VDS . (5)
3VD and VS are respectively the pure doublet and the pure
singlet parts. The SM part of the potential, represented
by VD, is equal to
VD =−1
2
m211Φ
†Φ +
1
2
λ
(
Φ†Φ
)2
. (6)
The potential for a complex singlet VS is
VS =−1
2
m24(χ
∗2 + χ2)− 1
2
m2sχ
∗χ+ λs1(χ∗χ)2
+λs2(χ
∗χ)(χ2 + χ∗2) + λs3(χ4 + χ∗4)
+κ1(χ+ χ
∗) + κ2(χ3 + χ∗3) + κ3(χ+ χ∗)(χ∗χ).
(7)
The doublet-singlet interaction terms are:
VDS =Λ1(Φ
†Φ)(χ∗χ) + Λ2(Φ†Φ)(χ2 + χ∗2)
+κ4(Φ
†Φ)(χ+ χ∗). (8)
There are three quadratic terms (m2i ), six dimension-
less quartic (λi,Λi) and four dimensionful parameters
κi, i = 1, 2, 3, 4, describing linear (κ1) and cubic terms
(κ2, κ3 and κ4). The linear term κ1 can be removed by a
translation of the singlet field. The potential is symmet-
ric under a χ→ χ∗ transformation. We impose a global
U(1) symmetry to reduce the number of parameters in
the potential [12–15].
U(1) : Φ→ Φ, χ→ eiαχ. (9)
However, having a non-zero vev for the singlet results in
a spontaneous breaking of this U(1) symmetry and the
appearance of mass-less Nambu-Goldstone scalar parti-
cles. This cannot be acceptable. To prevent this, we can
consider a potential that has some U(1) soft-breaking
terms. This means that the singlet cubic terms κ2,3, κ4
and the singlet quadratic term m24 are kept. Therefore,
the U(1)-symmetric terms, m211,m
2
s, λ, λs1 and Λ1 and
U(1)-soft-breaking terms m24 and κ2,3,4 remain in the po-
tential. For simplicity, we will use the following notation:
λs = λs1,Λ = Λ1. The potential is as follows:
V =−1
2
m211Φ
†Φ +
1
2
λ
(
Φ†Φ
)2
+ Λ(Φ†Φ)(χ∗χ)
−1
2
m24(χ
2 + χ∗2)− 1
2
m2sχ
∗χ+ λs(χ∗χ)2
+κ2(χ
3 + χ∗3) + κ3(χ+ χ∗)(χ∗χ)
+κ4(Φ
†Φ)(χ+ χ∗). (10)
All the parameters of the potential are real. V is also
explicitly CP conserving. We shall call the model with
this choice of parameters, cSMCS [12–14].
B. Physical states in the Higgs sector
The mass matrix M2mix that describes the singlet-
doublet mixing, in the basis of neutral fields φ1, φ2, φ3
is as follows:
M2mix =
 M11 M12 M13M21 M22 M23
M31 M32 M33
 , (11)
where the Mij(i, j = 1, 2, 3) are:
M11 =v
2λ1,
M12 =v(w1Λ +
√
2κ4),
M13 =vw2Λ,
M22 =
w2√
2w1
(
3κ2 + κ3(1 + 2(w
2
1 − w22)/w2)
−κ4v2/w2
)
+ 2w21λs,
M23 =w2(2w1λs +
√
2(−3κ2 + κ3)),
M33 =2w
2
2λs. (12)
Diagonalization of M2mix, Eq.(11), gives the mass-
eigenstates of h1, h2 and h3, h1h2
h3
= r
 φ1φ2
φ3
 ,
rM2mixr
T= diag(m2h1 ,m
2
h2 ,m
2
h3), (13)
where
r =
 c1c2 c3s1 − c1s2s3 c1c3s2 + s1s3−c2s1 c1c3 + s1s2s3 −c3s1s2 + c1s3
−s2 −c2s3 c2c3
 . (14)
All αi vary over an interval of length pi. The full rotation
matrix r depends on the mixing of α1, α2 and α3 angles
and ci = cosαi and si = sinαi. An important relations
can be derived from the equations (13) and (14), i.e,
φ1 = c1c2h1 − c2s1h2 − s2h3, (15)
with r11 = c1c2, r21 = c2s1 and r31 = s2. The Yukawa
interactions between the Higgs fields and the fermions
(LY ) generates the fermion masses. Note that only the
doublet couples to the fermions,
LY = −
∑
f
mf
v
ff(r11h1 + r21h2 + r31h3). (16)
The couplings of the lightest Higgs particle (h1) to the
quarks and the gauge bosons in the cSMCS model, as
compared with the corresponding couplings of the SM
Higgs, are modified (suppressed) by a factor r11. Decay
of the Higgs bosons into vector bosons (V = Z,W ) is
given by:
Γ(h1 → V V ∗) = r211Γ(HSM → V V ∗). (17)
On the other hand, the main contribution in the one-loop
coupling of h1 to photons is due to the W boson and top
4quark, and therefore in the cSMCS, the corresponding
amplitude and the decay rate are equal to:
A(h1 → γγ) = r11(ASMW +ASMt )
→ Γ(h1 → γγ) = r211Γ(HSM → γγ). (18)
The decay width of the Higgs h1 into gluons is given by:
Γ(h1 → gg) = r211Γ(HSM → gg). (19)
Also, since the total width of the light Higgs boson h1 is
given by
Γtot ≈ r211ΓSMtot . (20)
The signal strength Rγγ is given by,
Rγγ = σ(gg → h1)
σ(gg → HSM )
BR(h1 → γγ)
BR(HSM → γγ)
=
Γ(h1 → gg)
Γ(HSM → gg)
BR(h1 → γγ)
BR(HSM → γγ) , (21)
taking into account that the production of the Higgs
bosons in the LHC is dominated by the gluon fusion pro-
cesses and that the narrow width approximation can be
applied. The signal strengths RV V and Rγγ have the
same amounts and are given by,
RV V = Rγγ ≈ r211. (22)
In all benchmarks, r211 ∼ 0.81 − 0.98, which is in agree-
ment with the LHC data on the 125 GeV Higgs cou-
plings to ZZ. The benchmarks of the cSMCS from
reference [12] are presented in the table I, including
their corresponding Rγγ , S and T parameters. We have
also checked the validity of above benchmarks, with re-
spect to the existing experimental bounds, using the
HiggsBounds package (version 4.3.1) [44], which includes
constraints from direct Higgs searches at the LEP, the
Tevatron and the LHC and selects the most sensitive ex-
clusion limit for each parameter (at 95% C.L.).
In the next section, we will introduce the necessary
theoretical framework for the computation of the SM and
cSMCS Higgs production rates in the high-energy QCD
hadron-hadron collisions.
III. CALCULATION OF THE HIGGS
PRODUCTION CROSS-SECTION
Assuming that the gluons entering the g∗ + g∗ →
H sub-process have some non-negligible transverse mo-
menta, the total cross-section for the Higgs particle pro-
duction can be calculated, using the definition of the kt-
factorization [48], which is given by
a(x, µ2) =
∫ µ2 dk2t
k2t
fa(x, k
2
t , µ
2), (23)
where a(x, µ2) represents the solutions of the DGLAP
evolution equations for both quarks and qluons, i.e.
xq(x, µ2) and xg(x, µ2) respectively. Here, the
fa(x, k
2
t , µ
2) are the corresponding UPDF of KMR for-
malism (for more description of the structure and the
kinematics of the UPDF see the references [22, 23, 38]).
Thus the Eq.(2) can be rewritten as follows:
σP+P→H+X=
∫ 1
0
dx1
x1
∫ 1
0
dx2
x2
∫ ∞
0
dk21,t
k21,t
∫ ∞
0
dk22,t
k22,t
×fg(x1, k21,t, µ21)fg(x2, k22,t, µ22)
×σˆgg→H(x1, k21,t, µ21;x2, k22,t, µ22). (24)
The partonic cross-section, σˆgg→H , is defined as
dσˆgg→H =
dφgg→H
Fgg→H
|M(g∗(k1)+g∗(k2)→ H(p))|2, (25)
where ki and p respectively represent the 4-momenta
of the incoming gluons and the produced Higgs boson.
dφgg→H and Fgg→H are the corresponding particle phase
space and the flux factor,
dφgg→H =
d3p
2E
δ(4) (k1 + k2 − p) , (26)
Fgg→H = x1x2s, (27)
with s being the center of mass energy squared,
s = (p1 + p2)
2 = 2p1 · p2,
in the infinite momentum frame (where one can safely
neglect the masses of the incoming hadrons in compari-
son with their momenta (pi  mi)). The dφgg→H can be
expressed in terms of the transverse momenta of the pro-
duced Higgs boson pt, its rapidity yH , and the azimuthal
angles of its emission, ϕ,
d3p
2E
=
pi
2
dp2t dyH
dϕ
2pi
. (28)
In the Eq.(25), M is the matrix element of the g∗(k1) +
g∗(k2) → H(p) sub-process, equal to (see the Appendix
A):
|M|2 = α
2
S(µ
2)
288pi2
GF√
2
τ2 |D(τ)|2 (m2H + p2t )2 cos2ϕ.
(29)
In a high-energy inelastic collision at the LHC, one can
consider the following kinematics in the center-of-mass
frame
pi =
√
s
2
(1, 0, 0,±1),
ki = xiPi + ki,⊥, k2i,⊥ = −k2i,t, i = 1, 2 , (30)
and express the law of the transverse momentum conser-
vation for the g∗(k1) + g∗(k2)→ H(p) sub-process as:
k1,⊥ + k2,⊥ = p⊥, (31)
5BP α1 α2 α3 Mh1 Mh2 Mh3 S T R
h1
γγ
A1 -0.047 -0.053 1.294 124.64 652.375 759.984 -0.072 -0.094 0.98
A2 -0.048 0.084 0.084 124.26 512.511 712.407 -0.001 -0.039 0.98
A3 0.078 0.297 0.364 124.27 582.895 650.531 0.003 -0.046 0.98
A4 0.006 -0.276 0.188 125.86 466.439 568.059 -0.013 -0.169 0.92
A5 0.062 -0.436 0.808 125.21 303.545 582.496 0.002 -0.409 0.81
TABLE I. Benchmark points A1 − A5. Masses are given in GeV. The signal strength of the SM-like Higgs boson into γγ is
from ATLAS [45] (1.14+0.27−0.25) and CMS [46] (1.11
+0.25
−0.23). The latest values of the oblique parameters, determined from a fit with
reference mass-values of top and Higgs boson Mt,ref = 173 GeV and Mh,ref = 125 GeV are S = 0.05 ± 0.11, T = 0.09 ± 0.13
[47].
with p2⊥ = −p2t being the transverse momentum of the
produced Higgs boson. The longitudinal fractions xi can
be expressed by the transverse mass of the Higgs boson,
m2H,t ≡ m2H + p2t , its rapidity and the parameter s,
x1=
mH,t√
s
e+yH ,
x2=
mH,t√
s
e−yH . (32)
Putting the above formulas together, we derive the
master equation for the production of the Higgs bosons:
σP+P→H+X=
GF√
2
∫
dk21,t
k21,t
dk22,t
k22,t
dyH
dϕ
2pi
cos2ϕ
×fg(x1, k21,t, µ2) fg(x2, k22,t, µ2)
×α
2
S(µ
2)
144pi
τ2 |D(τ)|2
x1x2sm2H
(
m2H + p
2
t
)2
. (33)
To determine the density functions of the incoming glu-
ons, fg(xi, k
2
i,t, µ
2), we utilize the KMR formalism and
obtain
fg(x, k
2
t , µ
2)= Tg(k
2
t , µ
2)
αS(k
2
t )
2pi
∫ zmax
x
dz
×[P (LO)gq (z)
∑
q
x
z
q
(x
z
, k2t
)
+P (LO)gg (z)
x
z
g
(x
z
, k2t
)
]. (34)
The variable zmax = µ/(µ+kt) describes the angular or-
dering constraint, as a consequence of the color coherence
effect of successive gluonic emissions [49]. Tg(k
2
t , µ
2) is
the probability of survival, which limits the parton emis-
sions between the scales kt and µ. It factors over the
virtual contributions from the gluonic LO DGLAP equa-
tion and can be defined as:
Tg(k
2
t , µ
2)= exp[−
∫ µ2
k2t
αS(k
2)
2pi
dk2
k2
∫ zmax
0
dz
×
(
P (LO)gg (z) + nfP
(LO)
gq (z)
)
], (35)
with nf being the number of active quark flavors.
P
(LO)
ab (z) are the LO splitting functions, parameterizing
the probability of a parton with the longitudinal momen-
tum fraction x to be emitted from a parent parton with
the fraction x′, z = x/x′ [40, 50].
In the following section, we will introduce some of the
numerical methods that have been used in the calculation
of the Eq.(33) to predict the total cross-section for the
production of the Higgs bosons of the cSMCS, with the
lightest being the SM-like Higgs boson.
IV. NUMERICAL ANALYSIS
We use the UPDF of KMR, Eq.(34), to numerically
solve the Eq.(33), utilizing the VEGAS algorithm in Monte-
Carlo integration [51]. The required PDF for the prepa-
ration of these UPDF are provided in the form of li-
braries, e.g. the MMHT2014 libraries, the reference [52],
where the single-scaled solutions of the DGLAP evolution
equations have been fitted to the experimental data on
the F2 structure function from e-p deep inelastic scatter-
ing and the high-energy hadron-hadron scatterings. We
chose the hard-scale of the UPDF as the transverse mass
of the produced Higgs boson, i.e.
µ = (m2H + p
2
t )
1/2. (36)
One should note that the upper and the lower bound-
aries of the transverse momentum integrations in the
Eq.(33) are respectively ∞ and zero. Nevertheless, since
the KMR UPDF rapidly converge to zero in the kt > µ
domain, it is safe to introduce an upper bound for these
integrations in the following form
kt,max = µmax ≡ 4(m2H + p2t,max)1/2. (37)
Further domain has no influence on our results. On the
other hand, it is important to note that the UPDF of
the kt-factorization are being defined only in the QCD
perturbative regime, i.e. for kt > µ0 with µ0 = 1 GeV, as
the minimum scale for which the DGLAP evolution of the
integrated PDF is valid. We have to define our treatment
of these distribution functions in the non-perturbative
region, kt < µ0. A natural choice to by-pass this obstacle
is to fulfill the requirement that
lim
k2i,t→0
fg(xi, k
2
i,t, µ
2) ∼ k2i,t.
So, for the non-perturbative region, we choose
fg(xi, k
2
i,t < µ
2
0, µ
2) =
k2i,t
µ20
xig(xi, µ
2
0)Tg(µ
2
0, µ
2). (38)
6Also, we set the boundaries of the rapidity integration in
accordance with the specifications of the detectors (i.e.
|yH | < 2.5 for the CMS report [41] and |yH | < 2.4 for
ATLAS reports [42, 43], excluding the 1.37 < |yH | < 1.52
region for the later). Otherwise, we choose to integrate
over the |yH | < 10 domain. According to the Eq.(32),
and the 0 < xi < 1 constraint, further rapidity domain
will have no influence on our result.
At this point, we must mention that the higher order
QCD corrections into the the total cross-section for pro-
duction of the SM Higgs boson are non-negligible (see
e.g. [1–3]). These correction are either kinematic in
nature (e.g. corrections from the (b), (c), (d) and (e)
diagrams in the figure 1) or arise from real parton emis-
sions or virtual loop corrections. It is however customary
to compensate for these neglected contributions by the
means of introducing an additional factor into the main
calculations, called the K-factor, which is defined as the
ratio of the corrected results to the LO results. It has
been suggested that introducing a K-factor as
K = exp
(
CA
piαS(µ
2
c)
2
)
, (39)
with CA = 3 and µc = (mHp
2
t )
1/3 can absorb the main
part of these higher order corrections [1].
At this point, we are ready to calculate the cross-
section for the production of the SM Higgs boson and the
cSMCS Higgs bosons, using the master Eq.(33) in the kt-
factorization framework. To switch from the SM to the
cSMCS, we change the mass of the considered Higgs bo-
son and replace the couplings of SM Higgs boson with
quarks, mf/v, with its corresponding cSMCS couplings,
i.e. ri1mf/v. We use the benchmarks presented in the
table I for the mass of the considered Higgs boson.
As a final remark, it should be reemphasized that in
these calculations we have followed the footsteps of the
reference [2] with the following technical differences:
◦ To capture the contributions of the incoming par-
tons, we use the UPDF of KMR instead of the TMD
PDF of the CCFM evolution equation.
◦ We bound the rapidity regions, according to the
specifications of the CMS and ATLAS reports. We
also exclude the non-perturbative kt < 1 GeV do-
main. To compensate for the later exclusion, we
utilize the prescription that is given as the Eq.(38).
◦ Our calculations have been performed in ECM =
8, 13 and 14 TeV while in [2], ECM is fixed to be
14 TeV.
◦ We have chosen the hard-scale of the process to
be the transverse mass of the produced Higgs bo-
son, see the Eq.(36), in line with the procedure of
the references [38, 39]. This is a more convenient
choice, compared to µ = mH that have been used
in [2].
V. RESULTS AND DISCUSSIONS
Before discussing the cSMCS predictions, it is neces-
sary to prove that our framework can in fact produce
reliable results. We test our approach by calculating the
cross-section for the production of the SM Higgs boson,
HSM . The figure 2 presents the differential cross-section
for the production of the SM Higgs boson (dσH/dpt)
versus the transverse momentum of the produced par-
ticle (pt). Parts (a) and (b) illustrate our results for the
LHC with the center-of-mass energy ECM = 8 TeV and
the rapidity regions |yH | < 2.4 and |yH | < 2.5, respec-
tively. The main results are being presented by solid
black curves while the blue stripped patterns mark the
uncertainty bounds (which are determined by manipulat-
ing the hard-scale µ by a factor of 2). Part (c) shows the
results for the center-of-mass energy ECM = 13 TeV and
rapidity region |yH | < 2.4 (excluding the 1.37 < |yH | <
1.52 region). These panels also contain the collinear
results of the NLO perturbative QCD (pQCD) calcula-
tions from [41–43]. The results are compared with CMS
data at 8 TeV in the figure 2(a) and with ATLAS data
at 8 TeV and 13 TeV in the figure 2(b) and 2(c), respec-
tively. The data points are the results of measurements
of the CMS and the ATLAS collaborations, references
[41–43]. A similar comparison is presented in the figure
3, regarding the rapidity contribution of the SM Higgs
boson production. i.e. dσH/dyH versus yH .
We conclude that our framework, at least within its
uncertainty bounds, can give an acceptable description
of the SM Higgs particle.
Figure 4, illustrates our predictions for differential
cross-section for the production of the SM Higgs boson
at the LHC for ECM = 14 TeV, as functions of its pt.
Part (a) depicts the general behavior of this produc-
tion rate, exclusively within the SM. Part (b) outlines
an comparison between our calculations and the similar
results from NLL+LO (next-to-leading logarithmic re-
summation plus LO calculations) and NLL+NLO (next-
to-leading logarithmic re-summation plus NLO calcula-
tions) analysis performed in the collinear factorization,
in [4]. The collinear results show a slightly higher peak,
compared to the KMR framework. Otherwise, the gen-
eral behavior of these frameworks are identical. In the
part (c), we demonstrate the differential cross-section of
the production of the SM-like Higgs boson h1 from the
cSMCS. The curves A1 through A5 correspond to the
cSMCS benchmarks, the table I. These computations are
presented with respect to the SM uncertainty bounds.
Furthermore, we have calculated the total rate of pro-
duction of the SM Higgs boson, HSM , at the LHC (σH)
as a function of the center-of-mass energy of the hadronic
collision (ECM ) and compared the results with the exist-
ing experimental data from CMS and ATLAS [41–43],
see the figure 5. Our predictions seem to be realistic.
Furthermore, we have computed for ECM = 14 TeV the
mass distribution of the SM Higgs boson, what is pre-
sented as the figure 6. The peculiar pattern which is seen
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FIG. 2. Differential cross-section for the production of the SM Higgs boson as a function of the transverse momentum of the SM
Higgs boson at the LHC. The calculations have been performed for the center-of-mass energies Ecm = 8 TeV and 13 TeV. The
black solid curves illustrate the main prediction while the blue stripped patterns show the uncertainty bound for the results.
The uncertainty bounds are determined via manipulating the hard-scale µ by a factor of 2. The results have been compared
with the experimental data from the CMS (a) and the ATLAS (b and c) collaborations [41–43]. To prepare the KMR UPDF,
we have utilized the PDF of MMHT2014. The collinear results (NLO pQCD) are from the [41–43].
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FIG. 3. Differential cross-section of the production of the SM Higgs boson at the LHC as a function of the rapidity of the
produced particle. other details are as in the figure 2.
in the cross-section is originated from the imaginary part
of D(τ), the Eq.(A4), which becomes non-zero at mH =
2mt. Figure 6 also contains the collinear NNLL+NNLO
(next-to-next-to-leading logarithmic re-summation plus
next-to-leading calculations) results from the reference
[11]. The comparison between two frameworks show rel-
ative agreement.
At this point, after proving our approach in describing
the SM Higgs production at the LHC, we present our pre-
dictions regarding the expected production rate for h1
and for the heavier Higgs bosons h2 and h3 in the cSMCS
model. The figures 7 and 8, present a comparison of the
differential cross-sections of the production of the cSMCS
Higgs bosons h1, h2 and h3 as a function of the transverse
momentum at ECM =14 TeV, in accordance with the A1-
A5 benchmarks of the cSMCS (table I). The calculations
have been performed using the UPDF of KMR, illustrat-
ing the transverse momentum and rapidity distributions
of these differential cross-sections. Parts (a), (b) and (c)
correspond to the SM-like h1 (also see figure 4(c)), h2 and
h3 Higgs bosons in the cSMCS model, respectively. The
uncertainty regions for these results are also included in
these figures. To compute these uncertainties, we have
manipulated the hard-scale µ by a factor of 2. It is ap-
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FIG. 4. Differential cross-section of the production of the Higgs boson at the LHC as a function of the transverse momentum at
ECM = 14 TeV. Part (a) illustrates the main results and the corresponding uncertainty bounds for the SM Higgs boson, HSM .
Part (b) presents a comparison between our results for HSM (the solid black curve and its blue strip-patterned uncertainty
bounds) and the results of similar calculations within the collinear framework, i.e. the NLL+LO (red curve within the red
uncertainty bounds) and the NLL+NLO (green curve within the green uncertainty bounds). The collinear results are from the
reference [4]. Part (c) presents the predictions of the various benchmarks of cSMCS for the lightest SM-like Higgs boson h1.
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FIG. 5. Inclusive total cross-section of the production of the SM Higgs boson HSM at the LHC as a function of the central-mass
energy of proton-proton collision, at the LHC. The solid black curve illustrates the main results while the uncertainty bounds
(blue stripped pattern) have been produced via manipulating the hard-scale of the UPDF, µ, by a factor of 2. The experimental
data are from the CMS (black diamonds) and the ATLAS (white circles) collaborations [41–43].
parent that the behavior of these predictions is rather
diverse, covering different kinematic regions. The differ-
ential cross-section for the h2 and h3 are generally smaller
than the differential cross-section for h1. The upper and
the lower curves for h2 from A3 and A4 benchmarks with
a spread of 10−2 pb/GeV to 10−5 pb/GeV, respectively
and for h3 from A5 and A1 benchmarks with a spread
of 10−1 pb/GeV to 10−3 pb/GeV, respectively. In the
figure 8, the general behavior of the curves is similar to
the figure 7 with a single difference: the upper curve in
the h3 case belongs to the benchmark A5. The h2 and
the h3 curves have a spread of 10
−5 pb to 10−7 pb and
10−3 pb to 10−5 pb, respectively.
We believe that results presented in the figures 7 and 8
are reliable estimations for the Higgs boson signals within
the cSMCS and will be particularly useful in the on-going
experimental research regarding light and heavy Higgs
bosons at the LHC.
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FIG. 6. Inclusive total cross-section of the production of the Higgs bosons HSM as a function of the mass at ECM = 14 TeV.
The solid black curve illustrates the main results while the uncertainty bounds (blue stripped pattern) have been produced via
manipulating the hard-scale of the UPDF, µ, by a factor of 2. The collinear results (NNLL+NNLO) are from the reference
[11].
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FIG. 7. Differential cross-section for the production of the cSMCS Higgs bosons at the LHC as a function of the transverse
momentum of the produced Higgs bosons at ECM =14 TeV. Parts (a), (b) and (c) present the benchmark predictions of the
cSMCS Higgs bosons, h1, h2 and h3 in accordance with the benchmarks given in the table I. To calculate the uncertainty
bound, the hard-scale µ has been manipulated by a factor of 2.
VI. CONCLUSIONS
In this work, we have calculated the production rates
for the SM Higgs bosons and the Higgs bosons from the
cSMCS, using an effective LO partonic matrix element
and the UPDF of the KMR formalism. The calculations
for the SM Higgs boson have been compared with the
existing experimental data of the CMS and the ATLAS
collaborations and the results of a number of collinear
frameworks, showing that our computations, within the
given uncertainty bounds, present an acceptable platform
to describe the Higgs production at the LHC. We have
also demonstrated that the behavior of the SM-like h1
Higgs boson (from any given cSMCS benchmark) is sim-
ilar to the SM Higss particle. Afterward, we have pre-
sented our predictions regarding the distribution of the
transverse momentum and the rapidity of the produced
SM-like h1 and heavy Higgs bosons h2 and h3, from the
cSMCS at the LHC. Detecting heavier Higgs bosons, if
happen, will open the doors for further exploration of
these ideas. These predictions may provide some insight
regarding the dynamics of the next discovery. If a newly
discovered scalar boson happens to follow one of these
kinematic behaviors, one might potentially have a clue
of the behavior of the next discovery (hence confirming
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FIG. 8. Differential cross-section for the production of the cSMCS Higgs bosons at the LHC as a function of the rapidity of
the produced Higgs particles at ECM = 14 TeV. Other details are as in the figure 7.
the validity of the cSMCS in describing the physics be-
yond the SM).
ACKNOWLEDGMENTS
The authors sincerely Professor M. Krawczyk for re-
viewing this work and for instructive comments.
ND is supported in part by the National Science Cen-
ter, Poland, the HARMONIA project under contract
UMO-2015/18/M/ST2/00518.
MRM acknowledges R. Aminzadeh-Nik for his valuable
discussions and comments.
Appendix A: Matrix Element
Deriving an analytic expression for M is mathemat-
ically involved, specially with non-negligible transverse
momenta for the incoming gluons. Using the Feynman
rules for the diagram (a) of the figure 1 (and its permu-
tation), one can readily write the corresponding matrix
element as:
M(g∗(k1)+g∗(k2)→ H(p)) = 2piαS(µ2)
∫ ∞
0
d4q
(2pi)4
×mt
(
GF√
2
)1/2
Tr
{
γ.(q + k2) +mt
(q + k2)2 −m2t
× [γµµa(λ1,k1)ta]
γ.(q) +mt
q2 −m2t
[
γν
ν
b (λ2,k2)t
b
]
× γ.(q − k1) +mt
(q − k1)2 −m2t
+ [k1 ↔ k2]
}
. (A1)
In the equation (A1), αS andGF are respectively the run-
ning coupling constant of the strong interaction and the
Fermi’s constant. q is the 4-momenta of the exchanged
particle in the top-quark loop. µa(λi,ki) are the polar-
ization functions of the incoming gluons, relative to their
spin state (λi), their momenta and their color state (de-
noted by the color index a) and ta, the Gell-Mann matri-
ces which are the generators of the SU(3) gauge group.
To calculate |M|2, one have to multiply the expression
(A1) by its complex conjugate, do the traces and per-
form the integration. Additionally, since the incoming
gluons are virtual, one have to take into account the so-
called non-sense polarization (see the references [38, 53])
through the following identity:
∑
λ
µ(λ,ki)
∗ν(λ,ki) =
kµi,tk
ν
i,t
k2i,t
. (A2)
Hence, after rather lengthy calculations, one obtains:
|M|2= α
2
S(µ
2)
288pi2
GF√
2
τ2 |D(τ)|2 (m2H + p2t )2 cos2ϕ,
(A3)
where τ = 4m2t/m
2
H and
D(τ < 1)=
3
2
[
1 +
1− τ
2
(
ln
1 +
√
1− τ
1−√1− τ − ipi
)2]
,
D(τ ≥ 1)= 3
2
[
1 + (1− τ)arcsin2
(
1√
τ
)]
. (A4)
It is easy to confirm that at the limit of large mt, i.e. as
τ →∞,
lim
τ→∞ τD(τ) = 1 +O
(
1
τ
)
. (A5)
Afterward, neglecting the transverse momentum of the
produced boson, pt → 0, the equation (29) returns to its
conventional from in the collinear approximation, [54].
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